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INTRODUCTION 
For uhrasonie quantitative NDE, broad-band transdueers with reprodueible 
eharaeteristies are needed To design this type of a probe, one has to earefully mateh the 
electrieal, meehanieal and piezo-eleetric parameters of all its eomponents The most 
important point for a broad-band probe performanee is the matehing of a piezo-element with 
a damper The main goaloftbis work was a study ofphysieal aspects ofthe design ofbroad-
band uhrasonie transdueers with reprodueible parameters taking into aeeount possible 
variations of geometrieal, piezo-eleetrieal and aeoustical parameters of all the eomponents 
The analysis is based on the known equivalent eleetrieal cireuit model 
EQUIV ALENT ELECTRICAL CIRCUIT OF AN UL TRASONIC PROBE 
Using an analogy between aeoustieal and eleetrieal parameters, we ean analyze an 
uhrasonie transducer as a eireuit with 6 terrninals using results of previous workers [I ,2] An 
NDE probe generally eontains a piezo-eleetric plate, an inspected material and a damper 
(Figure 1) Thus, the state of the system depends on aeoustieal parameters of the 
surrounding media and eleetrieal signals applied We preferred to work with the equivalent 
eircuit proposed by Roth [ 1 ], for an eleetromechanieal impedanee matrix obtained makes 
some speeifie features of the transdueer obvious 
Solutions ofMaxwell equations and those of elastieity for the 33 mode (thiekness 
oseillations when linear dimensions of the piezo-element are many times !arger than its 
thickness) Iead to the following system [1] 
( . .I 
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Figure 1. A piezo-eleetrie plate loaded by two media 
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where 8 = ro/ I 2c, ~, P2 are pressures, v1 , v2 are velocities of oscillation, ro is the circular 
frequency, U3 and / 3 are the valtage and current supplied by an electrical network, Ais the 
surface of the element, I is its thickness, pc is the acoustical impedance of the 
piezoceramics, p being the density and c being the velocity oflongitudinal wave 
propagation The quantities Cp, CE, \jf are given as follows 
(2) 
(3) 
where h is the [33] piezo-electric constant, ~:~:0 is the permittivity ofthe piezoceramics, 
~~ = z1 I pc, ~2 = z2 I pc, z1 and z2 being acoustical impedances ofsurrounding media 
System (1) describes electrical phenomena in the circuit presented in Figure 2, where 
. pc 
zl = - tanh(- \jf + ;8) ' 
A 
. pc z2 = -tanh(\jf + ;8) 
A 
(4) 
In practice, the most important quantity to estimate is the ratio u3R/U3E where u3R 
is a valtage measured in "reception" mode, U3E being a valtage applied during emission 
This relation allows to evaluate properties of the probe, its bandwidth and sensitivity In 
system (1) the output resistance of the pulser Rp was taken to be zero T o take into account 
an actual value of Rp ( open switch resistance ), since this quantity may vary from one 
uhrasonie equipment to another, the third equation in system (1) has tobe modified as 
follows 
(5) 
During emission we have 
~ V=--
1 ' zl 
(6) 
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Figure 2 Equivalent circuit of a probe 
during emission 
Figure 3 Equivalent circuit of a probe 
during reception 
Substituting the latter expressions into system (1) we obtain for pressures ~, ~ 
(7) 
The explicit expressions for pressures ~, ~ can be easily obtained from expression (7) In 
order to compute a probe response to a sinusoidal excitation voltage we estimated pressure 
~ Supposing all emitted energy come back without loss during reception, the other part of 
the emitted wave being totally absorbed by the damper, we have to solve another system 
which corresponds to an equivalent circuit shown in Figure 3 (here we put / 3=0 and ~=0) 
We obtain for the voltage in "reception" mode the following formula 
(8) 
If a nurober oflayers exists between the piezo-plate and a tested material or a damper, an 
input impedance ofthe system can be determined by the following recurrent formula [3] 
(9) 
where z1, k1, h1 are respectively the impedance, wave nurober and thickness of the n+ 1 th 
layer, zn is the impedance of a system of n layers For example, a silver electrode fired in the 
cerarnic surface ( Zs.tJver=3 8 * l 06 kg I (m 2 s) ) with a thickness of typically 7 11m modifies at 5 
MHz a nominal impedance of 18 9* 106 kg/ (m2s) ofthe damper, by about 0 6% This 
certainly can be neglected in practice Thus, we did not take into account the influence of the 
electrodes However this assumption might be false at frequencies of some tens and hundred 
MHz, and the impedance variation must be estimated In the next section theoretical results 
of a numerical simulation are given for a range of combinations of acoustical parameters of 
the surrounding media 
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FREQUENCY AND PULSE RESPONSE OF A PROBE 
The main goaloftbis work was a study ofthe physical and technological aspects of 
the manufacturing process ofbroad band ultrasonic transducers with reproducible 
parameters taking into account possible variations of geometrical, piezo-electrical and 
acoustical parameters of components ofthe probes In fact, most ofthe dampers for piezo-
transducers are tungsten-epoxy composite materials and an acoustical impedance ofthe 
damper can be changed easily by changing the tungsten percentage Thus, using a standard 
epoxy resin and fine grain tungsten powder impedances up to 21 * 106 kgl (m2s) can be 
easily obtained However, a damper with larger impedance is also a reality, but the 
technology represents several complications such as relatively high temperature and pressure 
of the polymer eure, which can darnage the piezoceramic disc When a piezo-element is 
glued to a damper, the glue layer diminishes the damper effective impedance, and increasing 
nurober of layers degrades the probe performance and reliability 
In Figure 4 simulation results are shown for a lead metaniobate piezoceramics K-81 
(zK81 =18 9* 106 kgl (m2s) ), f0 being the resonant frequency ofthe free piezo-disc We can 
see the influence of surrounding media impedances on the frequency and pulse response, ZO 
being the impedance ofthe piezoceramics, Zl and Z2 are impedances ofsurrounding media 
Dependencies of the probe bandwidth, central frequency shift and sensitivity on acoustical 
loading are given in Figure 5 
The main features observed are 
- if Zl <ZO> Z2 or Zl> ZO<Z2 the piezo is a quasi- I. I 2 resonator and an increase of the 
acousticalload makes the transducer more broad-band, the resonant frequency is 
decreasingly lower than the resonant frequency ofthe free piezo-element (see Figure 5); 
- when ZJ> ZO> Z2 or Zl <ZO<Z2 the piezo is a quasi- I. I 4 resonator, and both a main 
frequency and the 3rd harmonic are present in the spectrum, 
- when Zl is close to ZO, the Z2 impedance value does not significantly influence the probe 
frequency characteristic and the bandwidth (see Figure 5) 
- when acoustical impedance ofthe damper Zl is close to ZO (impedance ofthe piezo-
element) a variation ofthe damper impedance of ± 10% influences the probe sensitivity 
around ± 1.5 dB, when the impedance ofmaterial Z2 varies between 20* 106 and 
60 0* 106 kg I (m2s) the corresponding sensitivity variation is about ± 4 dB 
- variations ofthe piezo-electric and dielectric constants ofthe piezo-material of ± 10% 
influence the sensitivity and the bandwidth for well damped probes (Zl is close to ZO) 
Table I. Acoustical parameters of some materials and their compositions. 
Material Contents Density Velocity Impedance 
kglm3 mls kg I (m2s) 
PZT PC5K* 7900 3300 27.0* 106 
Lead Metaniobat K81** 6200 3050 18.9* 106 
Tungsten 100% Wo 19250 5180 100* 106 
Epoxy 100% epoxy 1300 2460 3 20* 106 
Al Wo+epoxy 10650 1380 14.65* 106 
A2 Wo+epoxy 10800 1800 19.4* 106 
* - Morgan Matroc Ltd product **- Keramos Inc. product 
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Figure 4. Frequency and pulse responses for transducers. a)ZJ=3.2, Z2=3.2; b)ZJ=l0.2, 
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around ± 10 and ± 0.5% respectively. For less damped probes the bandwidth variation can 
be a few percent. 
- the influence ofthe Rp value (open switch) can be very important, especially when the 
piezoceramic permittivity and (or) the surface ofthe elementare large and operating 
frequency is high Actually, below 10 :MHz with Rp < 10 ohm, we observed no influence on 
the frequency response of a probe, except for the sensitivity changes The resistance ofthe 
closed switch Ra, while using broad-band probes, influences only the sensitivity Thus, to 
produce compatible measurements with different pulsers one needs to specify a pulser 
resistance 
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Figure 5 Dependencies ofthe transducer's parameters from acousticalloading 
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Figure 6 Back wall reflected pulses in metal 
blocks: experiment. 
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Figure 7 Pulse response of a broad-
band probe· theory vs experiment 
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EXPERIMENTATION 
Experimental work was performed with probes manufactured using K-81 
piezoceramics 0 5 and 10 mm with nominal thickness 0 18 mm, the free piezo-disc resonant 
frequency is 8 47 MHz. Their dampers were made from composite A2 (see Table 1). These 
probes were studied experimentally with and without 80 ~m epoxy wear plates 
An USIP-12 (Krautkramer-Branson) was used as a pulser and receiver Signals were 
digitized using a LeCroy-9400 digital oscilloscope Back wall reflection pulses for the 0 5 
mm probe without wear plate obtained on 35 mm steel, 25 mm aluminum and 25 mm copper 
blocks are shown in Figure 6 W e can see that shapes of the pulses are very close in spite of 
substantially different impedances of the inspected metals One additional factor that 
modifies the pulse shape is the frequency dependent absorption ofultrasound In Figure 7, 
theoretical and experimental pulses obtained on the steel35 mm thick block are shown 
Experiment follows the theory quite well The visual mismatch between the pulses at the 
beginning and at the end ofthe pulse (see Figure 7) can be explained by the presence of a 
radiallow frequency mode in the signal 
In the case of transducers with epoxy wear plates, the input impedance of inspected 
material is reduced drarnatically and its absolute value becomes very close to the acoustical 
impedance ofthe epoxy resin. Experimentally, we discovered no significant differences in 
central frequency shift and bandwidth between transducers with and without wear plates 
This also confirms results given in Figure 5, where an inspected material impedance z2 
variation in the range 3-60* 106 kg/ (m2s) modifies the central frequency and bandwidth by 
less than 5% 
A discrepancy between the impedance ofthe damper, determined from a density and 
longitudinal wave velocity of the material, and the theoretical value of the impedance when 
lengths of pulses are equal, is ab out 10 % Thus, the effective impedance of dampers can be 
lower than their actual values because ofsome features oftheir design, such as an insulated 
conductor passing through the damper and a SA W excitation in the damper 
Experimental study on the electrical damping effect (resistance of closed switch Ra in 
pulse-echo mode) on the broad-band probe shows that for a broad-band probe the spectrum 
remains almost unchanged 
CONCLUSION 
Ultrasonic broad band transducers were theoretically and experimentally studied 
Good agreement between calculated and measured broad-band probe characteristics was 
obtained When impedances of piezoceramics and damper are close, an inspected object 
impedance value does not significantly influence the probe frequency characteristic Fora 
well damped probe a variation of the damper impedance of ± 1 0% influences the probe 
sensitivity by ab out ± I. 5 dB The 1 0 % variations of the piezo-electric and dielectric 
constants of the piezo-material, influence the sensitivity and the bandwidth by about ± I 0 
and ± 0 5% respectively To produce compatible measurements with different pulsers one 
needs to specify a pulser output resistance Effective acoustical impedance of the damper 
can be ab out 1 0 % lower than the actual impedance of the damping material due to some 
features ofthe probe design. Electrical damping ofa broad band probe does not significantly 
influence the probe frequency characteristic. 
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